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Abstract

A systematic investigation of the impact of current uncertainties in Hg emissions from specific source categories on glo-
bal air Hg concentrations is presented. First, the uncertainties in different emission source categories are discussed and then
the results of a base simulation and three sensitivity simulations conducted with a global chemical transport model for
mercury (CTM-Hg) are presented. The total Hg emissions in the four scenarios range from 6600 to 9400 Mg/a. The sen-
sitivity studies investigate the impact of the range in uncertainty in natural emissions, emissions of previously deposited
Hg, and anthropogenic emissions both in China and worldwide, while taking into account constraints imposed by avail-
able data (current/pre-industrial emission ratio of 2-4). In one case, natural emissions and emissions of previously depos-
ited Hg were changed to represent a mid point of the range of values found in the literature. This lead to a 16% increase in
background emissions, i.e., natural emissions and emissions of previously deposited Hg combined. Increasing natural emis-
sions by 16% or Chinese anthropogenic emissions by 100% yielded atmospheric Hg concentrations comparable with those
measured across the globe without any changes to the atmospheric chemistry. Increasing natural emissions and emissions
of previously deposited Hg by 16% and all anthropogenic emissions by 100% as compared to the base scenario yielded
atmospheric Hg concentrations that were not compatible with measurements and changes in the chemical behavior of
Hg in the atmosphere would be required to yield results that are consistent with observed Hg concentrations. The current
uncertainty in total Hg emissions at the global scale is placed at about a factor of two.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Current simulations of atmospheric Hg use a glo-
bal total emission flux on the order of 6000 Mg/a
(e.g., Bergan et al., 1999; Seigneur et al., 2004).
There are, however, large uncertainties in those
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emissions (e.g., Lindberg et al., 2004, 2007; Gustin
and Lindberg, 2005) and it is, therefore, of interest
to understand how current understanding of the
global Hg cycle can be affected by such uncertain-
ties. In this work, the AER/EPRI chemical trans-
port model for Hg (CTM-Hg) is used to
investigate the sensitivity of global atmospheric
Hg concentrations to various Hg emission scenar-
i0s. The emission scenarios are designed to reflect
the best estimate of current uncertainties in Hg
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emissions. First a brief overview of the current sta-
tus of Hg emissions estimates is presented. This was
used as the base emission inventory within the
CTM-Hg model. The base scenario follows that
used in previous applications (Seigneur et al.,
2004). Then, three emission scenarios are proposed
and applied based on plausible emission estimate
ranges for various source categories. The results of
the global model simulations are presented for the
base scenario and the three sensitivity scenarios.
The simulated Hg concentrations are discussed in
terms of their plausibility with respect to the under-
standing of realistic Hg concentrations. The uncer-
tainties in Hg emissions can then be constrained
and the scenarios that would require changes in
atmospheric Hg chemistry (i.e., oxidation of ele-
mental Hg (Hg") and reduction of Hg(II)) identified
to obtain plausible results.

The first sensitivity scenario utilized the mid-
range estimates from the literature for background
emissions. Here “background emissions” are
defined to include natural emissions and emissions
of previously deposited Hg. The second sensitivity
scenario utilized a higher load of anthropogenic
Hg emissions to the atmosphere than previously
estimated from China. The third sensitivity scenario
combined increased rates of background emissions,
as in the first sensitivity scenario, and doubled rates
of all anthropogenic emissions to test an upper limit
for emissions. Each simulation was analyzed for
whether the results lead to atmospheric Hg"
concentrations comparable to those found in the lit-
erature. Only Hg® concentrations were assessed,
because Hg(Il) and particulate Hg (Hg(p)) have

Table 1

shorter lifetimes than Hg® and their concentrations
are influenced by local sources. The global model
does not capture some of the high source-related
concentrations of Hg(Il) and Hg(p) due to poten-
tially significant spatial gradients and the model’s
coarse spatial resolution.

2. The Model

The global CTM-Hg has been described by Sei-
gneur et al. (2001, 2004). It provides a spatial reso-
lution of 8° latitude and 10° longitude with seven
layers in the troposphere and two layers in the
stratosphere. The model is applied for one year
using generic meteorological data obtained from a
general circulation model and is run until steady
state is achieved. The lifetime of Hg in the atmo-
sphere is approximately one year. Elemental Hg is
removed from the atmosphere by both dry deposi-
tion and oxidation, with oxidation of Hg’ thought
to be controlled by reactions with OH and O; (Sei-
gneur et al., 2006). Mercury(Il) is removed from the
atmosphere through both wet and dry deposition as
well as aqueous phase reactions with dissolved
HO,. Therefore, the atmospheric half-life of Hg(II)
is much shorter (~1.6 days) than that of Hg(0) (~2
months) (Seigneur et al., 2006). The inputs to the
global CTM-Hg used in this modeling exercise are
identical to those presented by Seigneur et al.
(2004) except for the emission estimates. Anthropo-
genic emissions and emissions of previously depos-
ited Hg were updated to represent more recent
estimates and are described in Table 1. Fifty per-
cent of the Hg deposited is assumed to be emitted

Global anthropogenic emission inventory for total Hg used in the CTM-Hg base simulation (2000 reference year)

Country/continent Hg annual emissions (Mg/a) Heg’/Hg"/Hg, References Possible uncertainty
United States 104* 60/31/9 EPA (2004) +70 Mg/ab

Canada 8 54/35/11 EPA (2004)

Mexico 26* 71/20/9 CEC (2001) x 1.8¢

Asia 1204 57/34/9 Pacyna et al. (2003) x 24

Europe 239 61/32/7 Pacyna et al. (2003)

South and Central America 92 71/23/6 Pacyna et al. (2003)

Africa 407 65/28/7 Pacyna et al. (2003)

Oceania 125 55/36/9 Pacyna et al. (2003)

Total 2206

#1999 Inventory.

® +45 Mg/a of unaccounted Hg used in chlor-alkali plants (Southworth et al., 2004); +25 Mg/a of Hg emissions from motor vehicles

(Edgerton and Jansen, 2004).

¢ Uncertainty factor derived from the range in Mexican emissions estimated by Pai et al. (2000).
4 Estimate based on atmospheric Hg export estimates from Jaffe et al. (2005).
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back to the atmosphere following Seigneur et al.
(2004).

3. Emissions
3.1. Anthropogenic emissions

Since each Hg species has different deposition
velocities and atmospheric reactions, the total emis-
sions must be characterized by species emitted.
Table 1 presents the estimated emissions and species
on a regional basis. The anthropogenic emissions
for the US and Canada are based on speciated
EPA emission estimates for 2001 (EPA, 2004). The
Mexican emission estimates are based on informa-
tion from the Commission for Environmental
Cooperation (CEC, 2001) on total Hg emissions
from Mexican facilities. Because the Mexican data
were only available as total Hg, speciation assump-
tions were made for each source category.

The continent contributing the most anthropo-
genic emissions is Asia. Asian emissions constitute
the majority (55%) of the global 2000 anthropo-
genic emissions inventory (Table 1). The continent
with the next largest contribution is Africa with
18% of the inventory. However, these emission
estimates are highly uncertain due to lack of
knowledge regarding sources and amounts of Hg
emitted. Streets et al. (2005) estimate the emissions
of Hg from China at 536 Mg/a for 1999 (com-
pared to 586 Mg/a in the base inventory for
2000). In China, the largest source of emissions
is estimated to be non-ferrous metal smelting
(242 Mg/a) with coal combustion a close second
(202 Mg/a) (Streets et al., 2005). The rest of the
emissions are due to several small categories such
as battery/fluorescent lamp production, cement
production, Hg mining and biofuel combustion.
The uncertainty of the Hg emission rate from
China, however, is quite large (44%) (Streets
et al., 2005), because for many of the emission cat-
egories activity levels and emission factors are not
well characterized. Recent work by Pan et al.
(2006), suggests that the uncertainty could in fact
be as high as a factor of 2.

For other anthropogenic emissions, a database
from the Meteorological Synthesizing Centre-East
(MSC-E) for 2000 emissions was used as a starting
point (Pacyna et al., 2006). The total emissions for
each continent were scaled up or down so that they
would reflect more recent estimates (Pacyna et al.,
2003). The MSC-E database provided speciated

emission estimates and the speciation ratios were
maintained during scaling.

3.2. Background emissions

Table 2 summarizes the background emissions
used in each simulation along with the range in
emission estimates based on the literature. Mercury
emitted either from natural sources or emitted after
deposition from soil, vegetation or the oceans is
assumed to be Hg". Emissions from the oceans were
distributed according to a latitudinal gradient with
greater emissions near the equator and lower emis-
sions near the poles (Kim and Fitzgerald, 1986).

Natural emissions in the inventory come from
three sources: mercuriferous soils, volcanoes and
ocean emissions. All of these sources have uncer-
tainties associated with their emission estimates.
Additionally, some sources may be missing from
the base inventory.

Volcanic emissions may be significantly underes-
timated based on the emissions inventory reported
by Pyle and Mather (2003). The uncertainty range
spans nearly three orders of magnitude but the more
likely estimates seem to be in the range of 90—
830 Mg/a (Pyle and Mather, 2003).

Land-based natural emissions are due predomi-
nantly to mercuriferous soils. Mercuriferous soils
have been well characterized in Nevada (e.g., Zeh-
ner and Gustin, 2002), but the extrapolation of
those values to the globe involves significant uncer-
tainties. Gustin and Lindberg (2005) estimated that
emissions due to mercuriferous soils could exceed
1500 Mg/a. Emissions from other soils are likely
to include both low natural emissions and emission
of previously deposited Hg, which could be of
either anthropogenic or natural origin. There are
few extensive measurements of Hg emissions from
background soil. Atmospheric Hg exchange with
substrates is bi-directional. Both emission and
deposition are important fluxes (Lindberg et al.,
1998; Engle et al., 2001; Zhang et al., 2001; Nacht
and Gustin, 2004; Ericksen et al., 2005, 2006; Gus-
tin et al., 2006). One recent study (Ericksen et al.,
2005) suggested a flux of 0.5-1ng/m*h for soils
(which could be scaled to give a global range of
500-1000 Mg/a), however, they suggested that this
flux could just reflect emission of Hg previously
deposited by wet and dry processes. Therefore,
potential direct natural emissions from background
soil were not included in the base scenario natural
emission estimate. Only emissions of previously
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deposited Hg were used for emissions from back-
ground soils.

While emissions from geothermal power plants
were included in the anthropogenic inventory, emis-
sions from other geothermal areas were not explic-
itly included in the base simulation. Gustin and
Lindberg (2005) provide a global estimate of
60 Mg/a based on Varenkamp and Buseck (1984).
Engle et al. (2006a) recently estimated annual Hg
emissions from active hydrothermal systems in the
conterminous United States to be 1.3-2.1 Mg and
suggested that this estimate supported the Varenk-
amp and Buseck (1984) global estimate.

In the base scenario, several natural Hg emission
categories were included under the umbrella of
emission of previously deposited Hg. Among these
were emissions from vegetation, biomass fires,

wetlands and snow. A few of these categories have
some information on which to base emission esti-
mates. Few data are available for Hg emissions
from vegetation at the global scale. Gustin and
Lindberg (2005) report data ranging from 850 to
2000 Mg/a for forests (Lindberg et al., 1998). It is
thought, however, that plant foliage is dominantly
a sink for atmospheric Hg; however, the leaf surface
is a dynamic surface of exchange where deposition
and emission of Hg can occur (Millhollen et al.,
2006). Emissions from biomass fires were estimated
by Friedli et al. (2003a) to be in the range of 100—
850 Mg/a, while Friedli et al. (2003b) and Engle
et al. (2006b) gave estimates for the conterminous
United States of 1.5-5.5 Mg/a. Wetlands, snow
and freshwater bodies have not been individually
estimated and must remain part of the category of

Table 2
Summary of global background emissions: ranges of uncertainties (all emissions are in Mg/a)
Emission source Base Scenario 1 Scenario 2 Scenario 3 Range from literature References
Scenario®
Volcanoes Pyle and
125 700 125 700 1-830 Mather (2003)
Soils Zehner and
(mercuriferous) 500 1000 500 1000 500-1500 Gustin (2002)
Soils (emissions of Ericksen et al.
prev. dep. Hg) 1700¢ 750 1700¢ 750 500-1000° (2006)
Vegetation (direct Lindberg et al.
emissions) 0 0 0 0 1650-4300 (1998), Obrist
Vegetation et al. (2004)
(emissions of 04 04 0¢ 04
prev. dep. Hg)
Geothermal areas Varenkamp
0 60 0 60 60 and Buseck
(1984)
Freshwater Poissant et al.
04 0¢ 04 0¢ - (2000)
Wetlands Lindberg et al.
0? 04 o¢ 04 - (2002)
Snow Lalonde et al.
04 0¢ 0¢ 0¢ - (2002)
Biomass fires Friedli et al.
0? 500 0¢ 500 100-850 (2003a)
Oceans (direct Lamborg et al.
emissions/ 2010 (440/ 2010 (440/ 2010 (440/ 2010 (440/ 600-2600 (0-1300°/600™—  (2002), Mason
emissions of 1570) 1570) 1570) 1570) 1300°) and Sheu
previously (2002)

deposited Hg)

# Nominal values from Seigneur et al. (2004) with revisions to anthropogenic emissions of previously deposited Hg to reflect 2000 values.
® The global estimate values were obtained by scaling flux measurements from Gustin et al. (2006) to the global land area.

¢ Emissions of previously deposited Hg were assumed to be 50% of the amount of deposited Hg globally.

9 These emissions were assumed to be already included in the re-emissions from land.

© The flux out of the marine boundary layer is estimated as 730 Mg/a (i.e., 570 Mg/a of Hg" is oxidized and deposited within the

boundary layer.
' Re-emissions of natural Hg only, Lamborg et al. (2002).
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emissions of previously deposited Hg. Wetlands can
act as either a source or a sink of Hg (Poissant et al.,
2004a, b; Lindberg et al., 2002). Mercury deposited
due to snowfall may be re-emitted into the atmo-
sphere (Lalonde et al., 2002). Emissions of Hg from
freshwater bodies are mostly due to emissions of Hg
that enters the water body via atmospheric deposi-
tion to the watershed and the water body or direct
discharge to the water body (e.g., Vette et al., 2002).

Emissions from oceans were estimated to be
about 2000 Mg/a in the CTM-Hg base simulation.
Lamborg et al. (2002) estimated that ocean emis-
sions were only 600 Mg/a with the entire amount
corresponding to emissions of previously deposited
Hg. Mason and Sheu (2002) estimated a total flux
of 2600 Mg/a, which was equally distributed
between natural emissions and emissions of anthro-
pogenic Hg deposited to the oceans (natural emis-
sions included both direct emissions and emissions
of deposited natural Hg). However, Mason and
Sheu (2002) estimated that only half of that flux
would reach the free troposphere and that half of
Hg’ emitted in the marine boundary layer would
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be rapidly oxidized to Hg(I) and would deposit
back to the oceans.

4. Results
4.1. Base simulation

Fig. 1 depicts the annual average surface concen-
trations of Hg simulated with the global CTM-Hg
for the base scenario. The results are similar to those
presented by Seigneur et al. (2004). Minor differ-
ences in the results are due to changes in the anthro-
pogenic emission inventory. The current inventory
differs by 3% on average from that used in the pre-
vious study. Those simulation results were shown to
be consistent overall with available observations for
Hg’ (Seigneur et al., 2004).

Fig. 2 depicts a comparison between measured
total gaseous Hg measurements taken at latitudes
across the northern and southern hemispheres in
the Atlantic Ocean (Temme et al., 2003) and mod-
eled results over the same area for each scenario.
Fig. 3 presents the path of the ship cruise

nanograms/m?>

45 90 135 180

Fig. 1. Global Hg® concentrations in ng/m?> for the base simulation.
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Fig. 2. Comparison of measured Temme et al. (2003) and modeled total gaseous mercury (TGM) over the Atlantic Ocean.

corresponding to those measurements. The model
reproduces well the North-South gradient in Hg’
concentrations and the model predictions fall within
the lower and upper bounds of the measurements
except at the mid-latitudes in the northern hemi-
sphere (55-60° North), where the measurements
were probably affected by regional anthropogenical-
ly affected air masses. Table 4 provides a compari-
son of measurements in different regions of the
world at remote sites from the literature (Valente
et al., 2006) with annually averaged Hg’ concentra-
tions from the corresponding grid cells in each mod-
eling scenario. Fig. 3 shows the locations of the
measurements presented in Table 4. The range of
values produced by the model for the eastern North
American, western North American, northern
European and Arctic regions are within the range
of the measurements in those locations. The results
for the western European and Japanese locations
were slightly underestimated (less than 10%), while
the result for the Antarctic site was overestimated
by a much larger amount (30%).

4.2. Sensitivity to natural emissions

Natural emissions in the base scenario inventory
come from three sources: mercuriferous soils, volca-
noes and ocean emissions. All of these sources have
uncertainties associated with their emission esti-
mates. Additionally, some sources may be missing

from the base inventory. In this sensitivity scenario
the impact of these uncertainties are studied.

The sum of natural emissions and emissions of
previously deposited Hg from land and oceans in
the base simulation is about 4300 Mg/a. Using the
mid-range value of the emissions estimates from
volcanoes, mercuriferous soils, other soils, geother-
mal areas, vegetation and biomass fires (see Table
3) would lead to an estimate of about 8000 Mg/a,
i.e., 1.8 times the base scenario. Using the upper
range of the emissions from volcanoes, mercurifer-
ous soils, other soils, geothermal areas, vegetation
and biomass fires, and leaving emissions from
oceans unchanged would lead to an estimate of
about 10,500 Mg/a, i.e., 2.4 times the base scenario
(emissions from oceans remaining equal to their
base scenario values). However, such emission sce-
narios would have a ratio of current emissions/
pre-industrial emissions less than two. This is
thought to be unrealistic, because available lake sed-
iment data suggest a range of 2-4 for this ratio
(Lindberg et al., 2007, and references therein).

Based on the above estimates and assuming a
current emission to pre-industrial emission ratio of
2-4, a sensitivity scenario (Scenario 1) was designed
that would allow investigation of the impact of
increased background emissions. This sensitivity
scenario takes into account uncertainties in the nat-
ural emissions and emissions of previously depos-
ited Hg. For this scenario, the mid-range value



460 K. Lohman et al. | Applied Geochemistry 23 (2008) 454-466

Latitude

Longitude

Fig. 3. Map of locations of measurements of Hg’ used to compare against modeled data (see Table 4).

from the literature (shown in Table 3) was used in
place of the corresponding values for each land-
based background emission category. This leads to
an increase of 1135Mg/a in natural emissions.
However, emissions of previously deposited Hg
decreased by 452 Mg/a, because the addition of
emissions from biomass fires was less than the
change made to emissions from background soils
(emissions from background soils decreased due to
the overall constraint placed on total natural emis-
sions). This leads to a net increase in overall back-
ground emissions of 683 Mg/a, i.e., 16%.

Fig. 4 depicts the global Hg® concentrations
resulting from this sensitivity case. The results show
slightly higher concentrations than the base simula-
tion but still appear realistic (see Table 3). Modeled
Hg® concentrations increased around the world
compared to those from the base simulation any-
where from 6-24%. Clear north-south gradients
are still visible and the concentrations in the North-
ern Hemisphere range from 1.6 to 2.3 ng/m> (see
Fig. 4). When comparing the model simulation
results with measurements at remote sites (see Table
4), it appears that the model results are now higher
in all of the regions than in the base scenario. Only
the results for the eastern North American and
Arctic regions still fall within the measured range.
Agreement at the Japanese site has improved

(2%), but worsened at the Antarctic site (40%).
Modeled results in Western Europe are now overes-
timated but by approximately the same amount as
they were underestimated in the base scenario. In
summary, model performance improved at some
sites but degraded at others; overall, this emission
scenario still provides Hg concentrations that are
consistent with the observational record.

4.3. Sensitivity to anthropogenic emissions from
China

This emission scenario (Scenario 2) addresses the
hypothesis that Chinese industrial Hg” emissions are
underestimated (Jaffe et al., 2005). This hypothesis
attempts to explain the large atmospheric flux of
Hg out of Asia as estimated from measurements
both in coastal Washington State and in Okinawa
by Jaffe et al. (2005). In this emission scenario,
anthropogenic emissions from China were increased
from those in the base simulation; Hg speciation
ratios were maintained from the base simulation.
In the base emission inventory, anthropogenic Hg
emissions from China amount to 586 Mg/a. A recent
emission inventory conducted by Streets et al. (2005)
for 1999 reports an estimate of 536 Mg/a with an
uncertainty of 44% (95% confidence interval); there-
fore, their upper limit is 772 Mg/a. However, Pan
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Fig. 4. Global Hg® concentrations in ng/m> for the background emission increase simulation (Scenario 1).

Table 3
Summary of the emission scenarios (emissions by source category are rounded-off to nearest 100 Mg/a)*
Emissions Base Sensitivity scenario  Sensitivity scenario  Sensitivity scenario
scenario 1 2 3
Anthropogenic emissions (Mg/a) 2200 2200 2800 4400
Natural emissions (Mg/a) 1100 2200 1100 2200
Emissions of previously deposited Hg (Mg/a) 3300 2800 3300 2800
Total emissions (Mg/a) 6600 7200 7200 9400
Ratio of current/pre-industrial emissions 3.1 2.0 3.6 3.0
Fraction of deposited Hg being re-emitted globally®  50% 39% 46% 30%
Range of simulated Hg® concentrations (ng/m?) 1.2-2.2 1423 1.3-2.8 1.6-3.2

% Emission information has been rounded to two significant digits.
® See text regarding assumptions for natural versus emissions of previously deposited Hg.

Table 4

Comparison of measurements and modeled Hg® concentrations (ng/m?) for the four scenarios (see Fig. 3)

Site Hg’ (ng/m?) Base (ng/m°) Scenario 1 (ng/m®) Scenario 2 (ng/m?) Scenario 3 (ng/m®)
Eastern North America 1.50-1.83 1.60-1.65 1.75-1.82 1.73-1.78 2.25-2.42

Western North America 1.43-1.77 1.69-1.70 1.94-2.00 1.83-1.85 2.44-2.52

Western Europe 1.72-1.75 1.62 1.80 1.75 2.32

Northern Europe 1.35-1.76 1.61-1.64 1.78-1.95 1.74-1.76 2.33-2.38

Japan 2.04 1.87 2.09 2.14 2.92

Arctic 1.32-1.80 1.53-1.64 1.66-1.79 1.64-1.76 2.11-2.29

Antarctic 0.99 1.29 1.41 1.35 1.71
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et al. (2006) estimated a larger uncertainty for
Chinese emissions, by a factor of two. Accordingly,
in this emission scenario, the base anthropogenic
emission for China were doubled to 1172 Mg/a.
Such a value should provide an upper bound for
Chinese anthropogenic emissions, even accounting
for growth and uncertainty. All other emission
sources remained the same as in the base scenario.
Using this increase in the Chinese emissions, there
is a current/pre-industrial emission ratio of 3.6,
which is within current estimates.

Fig. 5 depicts the global Hg’ concentrations
resulting from this sensitivity case. The Northern
Hemisphere Hg® concentrations are higher than
in the base simulation. Northern Hemisphere con-
centrations range from 1.6 to 2.8 ng/m>. The pat-
terns of high concentration are still similar and
the north-south gradient is still readily apparent
(see Fig. 2). The modeled Hg® concentrations in
this sensitivity scenario increased around the world
over those from the base simulation from 3 to
29%. Comparison of model simulation results with
measurements at remote sites (see Table 4) shows
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that this scenario leads to Hg" concentrations that
are slightly lower than those obtained in the previ-
ous scenario in all regions except Japan. The mod-
eling results in all regions are higher than in the
base scenario. Consequently, model performance
improved at some sites compared to the base sim-
ulation but degraded at other sites. Overall, these
results suggest that greater Hg emissions from Chi-
nese anthropogenic sources are not incompatible
with the global constraints placed by measured
Hg’ concentrations and that the uncertainty ranges
given by Streets et al. (2005) and Pan et al. (2006)
are commensurate with a plausible global Hg
cycling scenario.

4.4. Sensitivity to increased background and
anthropogenic emissions

Scenario three was created to address uncertain-
ties associated with anthropogenic emission esti-
mates. It has been suggested based on research at
US facilities that emissions from certain source
categories such as chlor-alkali plants may be

nanograms/m?

45 90 135 180

Fig. 5. Global Hg? concentrations in ng/m> for the Chinese emissions increase simulation (Scenario 2).
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underestimated (Southworth et al., 2004; Lindberg
et al., 2004). In addition, there are source categories
that are not accounted for in Hg emission invento-
ries but may be significant. One example includes
automobile emissions. Measurements of Hg and
CO, a tracer for mobile source emissions in urban
areas in Atlanta, GA, USA, suggested that mobile
sources could be a significant source of Hg” (Edger-
ton and Jansen, 2004). Similarly, analysis of Hg
concentrations in Detroit, MI, USA, using principal
component analysis (PCA) identified mobile sources
as a significant Hg source category (Lyman and
Keeler, 2006). Mobile sources are included in the
US emission inventory but are not included in the
emission inventories of other countries. This could
lead to an uncertainty of up to 20% based on the
US inventory. Uncertainties in overall anthropo-
genic Mexican emissions were estimated by Pai
et al. (2000) to be about a factor of 1.8. As discussed
above, recent reported data on the export of atmo-
spheric Hg from Asia suggest that Asian anthropo-
genic emissions could be underestimated by a factor
of 2 (Jaffe et al., 2005). Based on these few estimates
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of uncertainties in anthropogenic emissions, an
upper bound of a factor of 2 was selected for the
anthropogenic emission uncertainty for Scenario 3.
This emission scenario uses the same background
emissions as in the first sensitivity scenario and also
doubles the global anthropogenic emissions. This
scenario can be considered a plausible upper bound
for Hg emissions.

The results of this scenario are shown in Fig. 6.
The maximum concentration of Hg® is now up to
32ng/m’. The modeled Hg’ concentrations
increased from the base simulation by a minimum
of 28% and a maximum of 51%. The results from
this simulation do not agree as well with observa-
tions as those from the other sensitivity scenarios
(see Table 3). The north-south gradient has been
disrupted (see Fig. 2) and is not consistent with
the observations (Slemr and Langer, 1992; Slemr
et al, 1995). Comparison of model simulation
results with measurements at remote sites (see Table
4) shows that the model overestimates by at least
0.4 ng/m® in all regions and that, therefore, the
modeled concentrations are not realistic.

nanograms/m?

45 90 135 180

Fig. 6. Global Hg® concentrations in ng/m? for the upper bound emission simulation (Scenario 3).
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Such an emission scenario cannot, however, be
ruled out. Seigneur et al. (2006) demonstrated that
uncertainties in the reduction and oxidation (red—
ox) reactions of Hg species could affect Hg” concen-
trations and that doubling Hg emissions led to
realistic results, if slower Hg(II) reduction kinetics
were used. In addition, the potential for soils and
plants to act as sinks for atmospheric elemental
Hg was not considered in the model simulation
(Millhollen et al., 2006; Gustin et al., 2006; Gustin
and Lindberg, 2005).

5. Conclusions

The impact of uncertainty in the global Hg emis-
sion inventory was investigated with a global chem-
ical transport model. A base simulation reflecting
“best estimates” used in earlier work was the base
simulation. Three sensitivity simulations reflecting
uncertainty over different categories of emissions
were run. The first increased global natural emis-
sions with a net increase in overall background
emissions of 16%. The second doubled anthropo-
genic emissions from China. The third applied the
16% increase in background emissions from the first
sensitivity simulation and also doubled all anthro-
pogenic emissions. The base simulation and the first
two sensitivity simulations all produce results that
are compatible with observations. The discussions
of current Hg emissions as well as the sensitivity sce-
narios demonstrate both that the current emission
estimates have a high degree of uncertainty and that
these uncertainties are within the constraints
imposed by the available measurements of Hg” con-
centrations. On the other hand, the third sensitivity
scenario demonstrates that increasing background
emissions by 16% and doubling anthropogenic
emissions produces unrealistic results. However,
such a scenario cannot be ruled out because of cur-
rent uncertainties in the atmospheric chemistry of
Hg. For example, if a slower rate of atmospheric
Hg(I1) reduction is used and soils and vegetation
act as significant sinks for Hg" then the model
results might be consistent with observations.

In summary, current anthropogenic emissions
are uncertain by about a factor of 2 based on com-
parison with ambient concentrations. Since the ratio
of current to pre-industrial emissions is constrained
within a range of 2-4, natural emissions are con-
strained by a factor of 4 uncertainty. Therefore,
assuming a maximum fraction of 50% for the emis-
sions of previously deposited Hg to the atmosphere,

an overall uncertainty in total Hg emissions can be
placed at a factor of 2-3. The current uncertainty in
total Hg emissions at the global scale is placed at
about a factor of 2. Reducing those uncertainties
will require more accurate emission inventories of
anthropogenic sources, particularly for countries
that have been identified as large Hg emitters (e.g.,
China) and for source categories that are not cur-
rently included in emission inventories but could
be significant (e.g., mobile sources). In addition, bet-
ter characterization of background emissions (i.e.,
both natural emissions and the emissions of previ-
ously deposited Hg) is needed. Finally, constraining
the global Hg cycle will only be possible if a more
precise understanding of the Hg atmospheric chem-
ical cycle is developed in parallel.
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